ABSTRACT The Guangxi yellow-feather chicken is a very important breed used as a broiler in southern China, but the pure line is being threatened by continual introduction of foreign genetics into its breeding program to make it more marketable. In the current study, we isolated primordial germ cells (PGCs), a cell type committed to form sperm or eggs and that is responsible for passing genetic material from one generation to the next, from Guangxi yellow-feather chickens and cultured them in a cell-insert system. Three stable cell lines, all male, were established from 10 isolations.
INTRODUCTION
Cryopreservation of gametes is an efficient and reliable method used to preserve the genetic resource of domestic animals or endangered species. In chickens, however, efficiency and reliability of cryopreservation of spermatozoa remain low compared with domestic livestock (Long, 2006) , and the yolk-laden structures in chicken eggs pose technical challenges to cryopreservation of chicken oocytes or fertilized ova. Primordial germ cells (PGCs) are progenitors of oocytes and spermatozoa responsible for passing genetic material from one generation to the next. Chicken PGCs first arise from the central zone of the area pellucida in stage X embryos (Kochav et al., 1980) and then move to a region termed the germinal crescent at stage 4 (Tsunekawa et al., 2000) . These cells begin to invade and migrate through the embryonic vasculature at stages 10 to 12 and eventually colonize the genital ridge (Meyer, 1964) . Studies have shown that chicken PGCs at premigratory, migratory, and post-migratory stages can C 2016 Poultry Science Association Inc. Received May 11, 2016. Accepted October 3, 2016. 1 These authors contributed equally to the study. 2 Corresponding authors: khlu@gxu.edu.cn (KHL); luy800@gmail.com (YQL) be retrieved and cultured in vitro (van de Lavoir et al., 2006a; Song et al., 2014) , and that the frozen-thawed PGCs are still able to produce functional gametes and viable offspring after reintroduction into embryonic gonads (Naito et al., 1994; Tonus et al., 2016) , thereby holding significant promise as valuable tools for the preservation of genetic resources in avian species.
Due to the significant potential and important use of transgenic animals in agriculture and medicine, a growing research interest has focused in recent yr on related fields (Kues and Niemann, 2011; Whyte and Prather, 2011) . Avian species have many advantages over their mammalian counterparts in terms of transgenic research, including small body size, short breeding period, low feeding cost, and ease of access to embryos for manipulation. Nevertheless, many transgenic strategies established in mammals have not been applied to avian species. For example, in somatic cell nuclear transfer (SCNT), a cell carrying a desired transgene can be fused with an enucleated mammalian oocyte and develop into a viable embryo. In chicken, however, the presence of large amounts of egg yolk and albumen in the oocyte make SCNT almost impossible. Direct injection of transgenes into chicken zygotes also faces technical challenges, as an embryo already harbors over 50,000 cells by the time it is laid (Park et al., 2006) . In this context, germline-competent stem cells would serve as a preferable alternative for cell-based genetic modification and production of transgenic chickens. Studies have shown that chicken PGCs could be cultured in vitro with or without the support of feeder cells (van de Lavoir et al., 2006a; Whyte et al., 2015) and maintain their germline potential after genetic modification (Macdonald et al., 2012; Park and Han, 2012) . Sophisticated gene targeting and generation of transgenic chickens for the production of bioactive proteins in eggs were also successful using PGCs (Schusser et al., 2013; Park et al., 2014; Park et al., 2015) , indicating the great potential of these cells in genetic manipulation of avian species.
The Guangxi yellow-feather chicken is a very important native breed used as a broiler chicken in southern China, but it is being threatened by continual introduction of foreign genetics into its breeding program so as to be more marketable. Derivation of PGCs would provide an alternative to long-term preservation of a pure line of this native breed. In the current study, we isolated PGCs from Guangxi yellow-feather chickens and established an in vitro culture system for these cells. The derived PGCs proliferated in vitro and expressed typical germ-cell markers. Significant migration of these cells into embryonic gonads and contribution to germline was observed after prolonged culture and genetic modification. The ability to culture and cryopreserve germline-competent PGCs would assist the preservation of this rich genetic resource of yellow-feather chickens and advance its breeding strategy through genetic modifications mediated by PGCs, such as generation of chickens resistant to avian influenza or Newcastle disease.
MATERIALS AND METHODS

Isolation of and Culture of PGCs
All procedures for use of animals described here were reviewed and approved by the Guangxi University Animal Care and Use Committee, and were performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals. Fertilized eggs from Guangxi yellow-feather chickens were collected from the Guangxi University experimental farm and incubated at 37
• C for 55 hours. Methods of derivation and culture of PGCs were similar to previous reports with minor modification (van de Lavoir et al., 2006a) . Blood samples containing PGCs were collected from the embryonic vasculature by using a micro glass pipette. Blood samples from 10 embryos were pooled and seeded in a cell-culture insert (Millipore, Bedford, MA) placed in a 6-well plate (Corning, New York, NY) pre-seeded with 1.0 × 10 5 irradiated buffalo rat liver (BRL) cells as the feeder layer in 3 mL of culture medium containing Knockout (KO)-DMEM (Invitrogen, Carlsbad, CA) supplemented with 20% BRL-conditioned KO-DMEM, 7.5% fetal bovine serum (HyClone, Logan, UT), 2.5% chicken serum (Sigma, St. Louis, MO), 2 mM GlutaMax (Invitrogen, Carlsbad, CA), 1xGS nucleoside supplement (Millipore, Bedford, MA), 0.1 mM β-mercaptoethanol (Sigma, St. Louis, MO), 1xAntibiotic-Antimycotic (Gibco, Carlsbad, CA), and 4 ng/mL human recombinant fibroblast growth factor (R&D System, Minneapolis, MN). BRL-conditioned medium was prepared by culturing BRL cells in KO-DMEM (containing 5% FBS) for 3 days.
For culturing freshly isolated PGCs, half of the medium was changed every other day. Approximately 2 wk after isolation, PGCs growing in suspension were transferred to a 4-well plate pre-seeded with feeder cells. Half of the medium was changed every other d, and the established PGC lines were passaged every 4 days. In our study, only a PGC line that grew to 1 × 10 6 in a 6-well plate was considered to be an established cell line. Growth curves of the established PGCs were obtained by counting the cell number at 12-hour intervals over a 4-day culture period. The PGCs were cryopreserved in full medium supplemented with 10% DMSO by using a Mr. Frosty freezing container (Thermo Scientific).
Alkaline Phosphatase Staining
Alkaline phosphatase (AP) activity of cultured PGCs was detected by using Vector Red Alkaline Phosphatase Substrate kits (Vector Labs) according to the manufacturer's instructions, with slight modifications. Briefly, a total of 1 × 10 6 PGCs were collected and pooled into a 4-well plate. After the cells settled, culture medium was carefully removed by using a pipette under a stereomicroscope. The cells were rinsed once in PBS and incubated in staining solution for 30 min at room temperature. After incubation, the staining solution was removed and the cells were rinsed twice in PBS and finally re-suspended in PBS. Observations and imaging of the AP staining were performed under an inverted microscope (Olympus).
Immunocytochemistry
Cultured PGCs were harvested by centrifugation and fixed in 4% paraformaldehyde (Solarbio, Beijing, China) for 15 min at room temperature. The fixed cells were incubated in blocking solution (6% horse serum/PBS) for 45 min and subsequently incubated with primary antibodies (mouse anti-SSEA-1/EMA-1 IgM, diluted 1:20, Hybridoma Bank, Iowa City, IA) for one hr at room temperature. Then PGCs were rinsed 3 times in PBS and incubated with secondary antibody (Alexa Fluor 594 conjugated with goat anti-mouse IgM, 1:1000, Molecular Probes, Eugene, OR) for one hour. All of the antibodies were diluted in blocking solution. PGCs were washed 3 times in PBS after incubation and re-suspended in Prolong Gold Anti-fade Reagent (with DAPI, Molecular Probes, Eugene, OR). A drop of cell suspension was transferred to glass slides, covered with a coverslip, and sealed with nail polish. Fluorescence signals were visualized and imaged under a fluorescence microscope (Olympus, Tokyo, Japan).
RNA Isolation, Reverse Transcription, and PCR
Total RNA was extracted using RNAprep Pure Cell/Bacteria Kits (Tiangen, Beijing, China) and reverse-transcribed to cDNA using the FastQuant RT Kit (with gDNase, Tiangen) according to the manufacturer's instructions. The amplification reaction conditions regarding PCR for sex determination was as follows: Pre-denaturation at 95
• C for 5 min, followed by 35 cycles of denaturation at 95
• C for 45 s, annealing at 60
• C for 45 s, extension at 72
• C for 45 s, with a final primer template extension at 72
• C for 10 minutes. PCR conditions for the remainder of the genes in this study were as follow: 95
• C for 5 min, 34 cycles of 95
• C for 30 s, 60
• C for 30 s, 72
• C for 30 s, and a final extension at 72
• C for 10 minutes. PCR primers used in this study are listed in Table S1 .
Transfection and Selection for GFP-positive PGCs
The established PGC lines were thawed and transfected with GFP genes constructed in a piggyBac transposal plasmid in the presence of liposome reagents Lipofectamine 2000, Lipofectamine 3000, or Lipofectamine LTX&PLUS (Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. PGCs were seeded into culture dishes without feeder cells at a concentration of 1.0 × 10 5 /cm 2 . The transfection complex was prepared by mixing piggyBac GFP (PB513B-1, System Biosciences, Palo Alto, CA) and transposase vectors at a ratio of 2:1 and then adding this to the culture and incubating for 6 hours. After incubation, the cells were transferred to a culture dish pre-seeded with BRL feeder cells. Visualization of GFP fluorescence was performed 24 to 48 hr post transfection and images were captured for 3 random views for each transfection. Transfection efficiency was determined by counting the GFP-positive cells from 3 independent transfections. Statistical analysis was carried out using Duncan's multiple-comparison test after one-way analysis of variance with SPSS 18.0 software. For selection of the stable transgenic cell lines, PGCs were subjected to 3 rounds of screening, each consisting of a 2-day attrition in culture medium supplemented with one μg/mL of puromycin and a following 14-day expansion culture without puromycin.
Migration Assay of PGCs
Chicken embryos were prepared by incubation at 37.5
• C in 60% humidity for 55 hr, as this will allow the embryos to develop to embryo stage 15HH (Hamburger and Hamilton, 1992) . A window of ∼1 cm 2 was made in the shell above the air cell, and GFP-positive cells were collected and adjusted to a density of 1 × 10 3 /μL. One μL of cell suspension was loaded into a micro glass needle and injected into the bloodstream of the recipient embryo. After injection, windows on eggshells were sealed with parafilm and the embryos were further incubated for 5 days. After incubation, embryos were euthanized and embryonic gonads were isolated and GFP-positive cells were counted under an inverted fluorescence microscope.
RESULTS
Isolation and Culture of PGCs
To isolate the PGCs, blood from 10 embryos was pooled and cells were seeded in a cell insert placed in a 6-well plate pre-seeded with BRL feeder cells ( Figure 1A) . Half of the culture medium was changed every other day. Significant clusters of PGCs in suspension were observed, while most of the somatic cells were dead or dying 10 d after seeding ( Figure 1B) . Some of the PGC clusters adhered to the matrix of the cell insert and differentiated into somatic cell-like cells (Figure S1 ). At 2 wk after seeding, cells growing in suspension were collected and transferred to a 4-well plate preseeded with fresh feeder cells. PGCs grew in suspension or in contact with, but did not adhere to, feeder cells, and the clusters fragmented into single cells, doublets, or triplets ( Figure 1C ). The proliferating PGCs grew to confluency within one wk and then were expanded into a 6-well plate, where some of the PGCs ceased to grow at this step and failed to establish a continuous cell line. A total of 10 isolations were performed and only 3 of these established stable cell lines. These cells demonstrated similar proliferative potential and could be passaged every 3 to 4 d at 1:2 split ratios. A cell growth curve for PGC line 1 revealed that the cell doubling time was 49 hr ( Figure 1D ). Cell cycle analysis by flow cytometry revealed that the percentage of PGSs at G1, S, and G2 phases were 75, 6, and 19%, respectively, and all the PGC lines were sub-cultured for more than 20 passages after undergoing freezing and thawing. Interestingly, although PGCs in each isolate were pooled from 10 embryos in which we expected to see males and females, our PCR used for sex determination showed that only cells from males survived and proliferated in all 3 established cell lines ( Figure 1F ).
Characterization of PGCs for Germ-cell-related Markers
To characterize the germ cell identity of cells derived from the current study, we first examined the cells for the presence of alkaline phosphatase. It was found that all 3 lines of PGCs were strongly positive for alkaline phosphatase (Figure 2A ). RT-PCR for detection of germ-cell-related genes showed that Cvh, Cdh, Dazl, Nanog, and Pouv were expressed in these PGCs, but detection was negative in the control DF-1 cell line ( Figure 2B ). Immunocytochemical results revealed that the cell surface markers EMA-1 and SSEA-1 were 
Migration of PGCs to Embryonic Gonads after Genetic Modification
The capability for migration to the embryonic gonads is a unique feature of PGCs during development. To track the cell fate after injection into embryos, we labeled PGCs with GFP constructed in a transposon plasmid before injection into embryos. We employed lipofectamine to transfect the cells and compared efficiency by using the reagents Lipofectamine 2000, 3000, and LTX. Highest transfection efficiency was seen with Lipofectamine 2000, followed by LTX; and lowest was observed with Lipofectamine 3000 (P < 0.05; Figure 3A ). A stable cell line expressing GFP was then established after 3 rounds of puromycin screening for positive transgenic cells ( Figure 3B-E) .
The GFP-positive PGCs, 1,000 cells per embryo, were injected into the vasculature of stage-15 HH embryos. A total of 40 embryos were used in the injection experiments. Ten embryos were opened 5 d after injections and 7 survived. Significant GFP-positive cells were found in all of the gonads recovered from embryos ( Figure 4A and B) and the average number of GFP cells in gonads from each embryo was 830 ± 391. Fourteen chickens hatched from the rest of the injected embryos and 6 were males. Two males were euthanized 4 d after hatch and GPF-positive cells were found in the isolated gonads from one of the males ( Figure 4C ). The remaining 4 male birds were raised to sexual maturity and semen was collected. PCR results showed that semen from 2 birds was positive for the piggyBac transgene in the sperm genome ( Figure 4D ).
DISCUSSION
Continual breeding and selection for desired genetic traits significantly improve the productivity of chickens and boost the poultry industry overall. However, the widespread use of major chicken lines presents the threat of extinction to many native breeds that may possess unique genetic traits (Ngeno et al., 2014) . Preservation of the genetic resources in native chicken breeds not only helps to maintain the biodiversity in avian species, but also provides valuable materials that we might seek and use in crossbreeding strategies in the future. In the current study, we successfully isolated PGCs from Guangxi yellow-feather chickens and maintained them in vitro over 20 passages. The derived PGCs were positive for AP, SSEA-1, and EMA-1, and expressed the germ-cell specific genes Nanog, Pouv, Cvh, Cdh, and Dazl. Similar to their endogenous counterparts, these cells colonize the gonads and give rise to gametes after transplantation back to the vasculature in stage-15 HH embryos, clearly demonstrating germ cell characteristics. The availability of PGCs in Guangxi yellow-feather chickens provides an alternative to the preservation of the genetic resource in this breed.
In this study, we initially attempted to isolate and seed the fresh PGCs in direct contact with BRL feeder cells, but the freshly isolated PGCs grew very slowly and needed to be transferred to a culture dish with fresh feeder cells at approximately 10 d after isolation. It appeared that the action of pipetting and disturbing the cells during passaging presented stress to the PGCs and led to significant cellular apoptosis, although the surviving cells resumed dividing at about 4 to 5 d after transfer. The efficiency of this system was low, and only cells from one of 15 isolations could be expanded and used to establish a stable PGC line. Thus, we resorted to cell inserts to isolate chicken PGCs in the present study. The porous membrane of the insert allows for exchange of nutrients and growth factors in the medium, and significantly facilitates subculture by transferring the cell inserts from a used well to a fresh one, with limited disturbance of the PGCs. We successfully established 3 PGC lines from 10 isolations by using cell inserts, with an efficiency of 33%, which was similar to a previous report (Tonus et al., 2016) . Interestingly, all the derived PGC lines in our current study proved to be male, although cells were initially isolated and pooled from both male and female embryos. This finding agrees with the majority of previous studies in which male PGCs were more proliferative and more easily established in long-term culture in vitro (Song et al., 2014; Tonus et al., 2016) . In contradistinction, there is also a recent study that showed that female PGCs were detected in all isolations after culture in vitro for 3 mo, using chicken embryonic fibroblasts as feeder cells instead of BRL cells, and these gave rise to functional gametes and offspring via female germline chimeras, while the male PGCs failed to maintain germline competency (Naito et al., 2015) . A recent report by Whyte et al. revealed that low osmolality facilitates the proliferation of chicken PGCs and supports the derivation of female chicken PGCs in a feeder free system (Whyte et al., 2015) . We did a preliminary trial of this medium in Guangxi yellow-feather chickens and found that both male and female lines could be established (data not shown). It suggests that Ca2+ plays an important role in chicken PGC growth and division, especially for female PGCs.
Theoretically, embryonic stem cells (ESCs) can differentiate into all cell types and give rise to an animal, but production of a germline chimera using these cells is still challenging in avian species due to their inability of germline competency (van de Lavoir et al., 2006b) . Germline cells such as PGCs, GSCs (gonadal stem cells), and SSCs (spermatogonial stem cells) are responsible for passing genetic material from one generation to the next and could serve as an efficient cellular tool to mediate genetic modification in avian species (van de Lavoir et al., 2006a; Park et al., 2015) . As previously reported, transgenes can be efficiently introduced into PGCs through transposal elements (a non-viral strategy) and continuously expressed in the derived animals (Macdonald et al., 2012; Park and Han 2012) ; production of bioactive humanized antibody or growth factor in the egg white of transgenic hens also was reported by using an oviduct-specific mini-synthetic promoter (Zhu et al., 2005; Park et al., 2015) . More recently, genome-editing technologies, including transcription activator like effector nucleases (TALENs) and clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9-associated systems were reported to be feasible in chickens (Park et al., 2014; Veron et al., 2015) . Compared to traditional transgenic animals, knockout chickens using TALEN or CRISPR/Cas9 do not contain exogenous genes, making for easier acceptance by the general public, and allowing wider use in agricultural and pharmaceutical applications. In the present study, we established a long-term culture system for PGCs in Guangxi yellow-feather chickens and achieved genetic modification by using transposons; this would markedly advance application of this biotechnology to this species.
In summary, the culture system established in the present study and the derived PGCs can be useful tools for the preservation of genetic resources in Guangxi yellow-feather chickens and will facilitate the genetic modification in this species through germline chimera production.
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